Abstract-In this paper, we present terahertz bandpass filters composed of resonant arrays of crossed slots in lossy metal films deposited on dielectric membranes. The filters exhibit insertion loss as low as 1.9 dB at room temperature and 1.2 dB at 77 K at a center frequency of 2.2 THz. It is found that the dielectric substrate introduces a downward shift in frequency not predicted by standard mean dielectric-constant approximations. This shift is proportional to the permittivity and thickness of the substrate, and is accurately modeled for polyester, fused quartz and silicon substrates using a finite-difference time-domain (FDTD) model. It is also found that the insertion loss and -factors of the filters vary with the product of the thickness and conductivity of the metal film for lead and gold films, even in cases when the thickness is several skin depths at the center frequency. The FDTD theory presented here accounts for some of the conductor losses.
in resonant frequency due to oblique incident angles can be reduced by the substrate [6] .
The filters presented here are fabricated by evaporating thin gold or lead films on electrically thin polyester (Mylar) substrates. Lead and gold have been chosen since their bulk conductivities differ significantly. The thickness of evaporated gold and lead films was varied from 20 nm to 1 m, and 100 nm to 1.4 m, respectively, in order to vary the conductor losses over a wide range. The passband insertion loss and -factor of all filters was found to vary with the dc surface resistance of the metal film, over nearly three orders of magnitude in . This result is surprising because the metal films are several skin depths thick over most of the range of values of investigated here. The stopband attenuation was found to vary only weakly with , and only for the films that were not much thicker than the skin depth. The differences in variation between the passband and stopband attenuation are probably due to the resonant nature of the filters, as well as the sensitivity of the passband loss to microstructural effects present in thin evaporated films. Comparison with published results for electroplated freestanding filters [4] , [5] indicate that thick metal films with bulk-like properties appear to be necessary in order to achieve less than 1-dB insertion loss.
The substrate causes a downward shift in resonant frequency, which is larger for thicker substrates. This shift in frequency reaches a limiting value scaled by the square root of the mean permittivity when the substrate is roughly a tenth of the free-space resonant wavelength thick. A finite-difference time-domain (FDTD) model [7] has been extended in this paper to incorporate conductor losses. The model accurately predicts the measured frequency shift, and also predicts a portion of the transmission loss. The difference between the predictions and measurements are discussed in Section V.
We conclude that the simple fabrication of the filters and their reasonable performance makes them useful elements at far-infrared wavelengths, despite the added loss as compared to freestanding FSS's.
II. GEOMETRY AND MODELING OF GRID FILTERS
The grid geometry and unit cell investigated in this paper are shown in Fig. 1 . The geometry is defined by the slot length , the slot width , and the period . The slot dimensions determine the frequency response of the filter, as shown in [8] . The width of the slot controls the shape of the resonant frequency response and, thus, the -factor (where and is the 3-dB bandwidth). In [8] , an empirical formula is given for 0018-9480/00$10.00 © 2000 IEEE the resonant wavelength for grids where as follows:
The grid period determines the wavelength at which diffraction causes grating lobes. The longest wavelength (lowest frequency) at which diffraction occurs for a given incidence angle is . Since the period is larger than the slot length, approaches for large angles of incidence, which affects the shape of the passband. Diffraction obviously becomes a concern when two or more grids are cascaded [2] .
The filters presented in this paper were modeled using a FDTD technique that employs Floquet boundary conditions for normal incidence, so that the problem of analyzing an infinite grid is reduced to that of a single-unit cell. The effect of the dielectric substrate can be accurately modeled by this technique, as demonstrated in Section III. The studies of conductor losses, discussed in Section IV, required the extension of the FDTD model [7] . The conductivity of the metal film is taken into account in the discretized wave equations and the surface impedance is determined at the resonant frequency under the assumption that the film thickness is larger than the skin depth.
III. FILTER FABRICATION AND CHARACTERIZATION
The filters are fabricated on 3.8-m-thick polyester substrates using standard photolithographic equipment. The substrates are glued with photoresist to the perimeter of a 7.5-cm (3-in) carrier silicon wafer. In the fabrication process, the polyester is heated to 110 C to stretch flat on the wafer. In this way, a polyester "drum skin," supported at its edges, is formed. A small hole is cut in the polyester to avoid air trapping under the dielectric membrane, which would have caused focusing problems due to the small depth of field of the stepper camera used in the photolithographic process. The membrane is then coated with photoresist and soft baked at 95 C. After exposure and develop- ment, the wafers are loaded into a vacuum system and a 10-min sputter cleaning is performed in a 1.33-Pa (10 torr) argon plasma to promote adhesion of the gold or lead metal film. After evaporation and liftoff, a second longer acetone soak dissolves the resist that holds the filter to the carrier wafer. The filter and carrier are then moved to a spinner while still flooded with acetone, and the acetone is carefully drained off the wafer until the filter clings to the wafer. As the remaining acetone is spun off, the filter flattens on the wafer. An aluminum ring is then glued to the filter, and the filter is then peeled off from the carrier wafer. The process described above results in an optically flat grid on a rigid carrier ring.
The spectral transmittance of the filters is measured in a commercial Fourier-transform spectrometer (FTS). The portion of the FTS that contains the source, i.e., interferometer and detector, is sealed and desiccated. The sample chamber is continuously purged with dry nitrogen to minimize errors due to atmospheric absorption. Measurements of filter spectra are calibrated by background spectra taken through the empty chamber immediately beforehand.
The development of the filters presented here was motivated by the need to reject background thermal radiation in order to avoid saturating superconducting mixers. The filters are intended to pass 2.5-THz radiation with as low loss as possible. The period of the grid used here is 70 m, with slot dimensions m and m. These dimensions give a resonant frequency of 2.55 THz for a freestanding grid (air substrate). Spectra were measured at normal incidence up to 30 THz with a resolution of 120 GHz, which resulted in good signal-to-noise ratios without broadening any real features of the filter spectrum. The signal-to-noise ratio degrades rapidly at frequencies below 750 GHz due to the Rayleigh-Jeans rolloff of the blackbody radiation. An example of a measured transmittance spectrum is shown in Fig. 2 , indicating a Lorentzian shape given by (2) where is the resonant frequency, is the half-power width of the resonance profile, and is a constant. The filters can be characterized by their peak transmittance, resonant frequency, [7] . The resonant frequency is affected even by electrically very thin films.
and -factor by fitting a curve, as given by (2) , to the measured spectra.
The resonant frequency of the substrate-supported grids are shifted downward from the free-space value [9] , as shown in Figs. 3 and 4 . The shift is a function of permittivity and thickness of the substrate, and is a result of evanescent modes in the substrate [10] . The quasi-static thick-substrate approximation [11] indicates scaling of the resonant frequency inversely with effective index (3) In Fig. 3 , the reciprocal of the resonant frequency is plotted, so that this scaling factor appears as a line. Measurements were performed on thick polyester, quartz, and silicon substrates, and indicate good agreement with (3). Fig. 4 shows the resonant frequency as a function of thickness of polyester substrate, and is compared to the freestanding case as calculated from (1) . The measurements illustrate that even the electrically thinnest films cause an appreciable shift in resonant frequency. When the substrate becomes approximately thick, the resonant frequency converges to the asymptotic value obtained with use For applications that require that the filter be placed in a focused beam, it is important to know its behavior for angles of incidence other than normal. The spectral transmittance at oblique incidence was measured by inserting a wire polarizer in the FTS to set the incident polarization (TE or TM) and inserting the filter in a rotatable mount. Fig. 5 shows that, in the TM case, there is a null in transmittance (Wood's anomaly), which is due to surface waves along the plane of the grid [6] and occurs at the onset of diffraction. The shapes of the TM spectra agree well with simulations of slot grids of similar geometry [12] . For the TE case, results presented in [12] also show a very narrow-band Wood's anomaly, and we suspect that we do not see it in our measurements because of the course spectral resolution of 120 GHz. The transmittance null associated with Wood's anomaly undergoes a shift in frequency for a substrate-supported grid [6] , similar to that of the resonant frequency. For grids fabricated on 3.8-m polyester substrates, the wavelength of the Wood's anomaly null in the TM case is in good agreement with the dependence. Grids fabricated on 12.7-m-thick substrates show that the frequency of this null is about 8% lower than the value given by the above formula.
IV. EFFECTS OF FINITE METAL CONDUCTIVITY ON INSERTION LOSS AND -FACTOR
The filters from Fig. 1 show an appreciable insertion loss of 40% at resonance. We have found that this loss varies with the dc surface resistance of the film. The surface resistance is experimentally obtained from four-point probe measurements [13] . The test structure is a 1-cm square of metal fabricated on the same wafer as the grid filter and electrically isolated from the grid.
The following three methods were used to vary the dc surface resistance of the film: 1) varying the metal thickness; 2) using two different metals (gold and lead); 3) varying the temperature (300 and 77 K). In the latter case, the surface resistance was measured by submerging the probes and test structure in liquid nitrogen. Measurements with the FTS at 77 K were obtained by mounting the filter in a small evacuated chamber with polyester windows at each end. The fixture allowed liquid nitrogen to circulate through a copper block, which served as the heat sink for the filter.
The measured spectral transmittance versus surface resistance is shown in Fig. 6 . For these measurements, two filters were fabricated using gold films of different thicknesses, and characterized at both 300 and 77 K. The thicknesses are chosen so that the dc surface resistance of the 200-nm-thick film at 77 K is equal to that of the 480-nm-thick film at 300 K. No substantial difference is seen in these two spectra, and this demonstrates that the transmittance varies with conductivity and thickness only through their product, which is the dc surface conductance . This result is somewhat surprising because the films are considerably thicker than a skin depth and, therefore, the ac surface resistance should be independent of film thickness. At 2.5 THz, nm for gold, calculated by using the measured 300-K dc conductivity of 3.36 10 S/m. The general expression for surface impedance as a function of thickness is (4) which reduces to the dc limit for . In the limit when , (4) reduces to the familiar formula , which is a function only of temperature (through conductivity), and not of thickness [14] .
The results of experiments on a large number of filters are summarized in Fig. 7 , which shows the peak transmittance plotted versus surface resistance. These measurements show that the four sets of data (gold and lead films at 300 and 77 K) all follow the same trend with respect to the dc surface resistance. The vertical lines on the plot correspond to the dc surface resistance. Although the slope of a line drawn through the data points does appear to decrease when the film thickness becomes greater than a skin depth, it does not decrease to zero. Freestanding grid filters consisting of 12-m-thick films of electroplated copper have been reported to have negligible loss [5] . The calculated dc surface resistance is 0.0014 for these films, which is approximately one order of magnitude smaller than our lowest . Even if our data is extrapolated to that value, we would expect approximately 80%-85% transmittance, which is much lower than quoted in [5] . One reason for the discrepancy is that the substrate causes losses due to reflection and absorption. Measurements of polyester substrates with no metallization indicate that approximately 7% of the loss in Fig. 7 is due to the substrate, mostly lost to the reflected wave. Fig. 8 shows the variation of the -factor with , which also does not seem to agree with the value in [5] of . The stopband attenuation of the filters versus is summarized in Fig. 9 . The gold film reaches its limiting value at 56 nm, which corresponds to the calculated skin depth at 2.5 THz using the measured conductivity at 300 K. The lead film reaches its limiting value at 182 nm, approximately equal to the 147-nm skin depth calculated at 2.5 THz using a measured dc conductivity of 0.47 10 S/m at 300 K.
The FDTD analysis incorporates conductor losses, but since the assumption must be made that the surface impedance is constant for , the variation in the resonant properties of the filter cannot be accounted for by this method. The spectral transmittance predicted for a gold filter (using the bulk conductivity of 4.6 10 S/m) by the FDTD model is shown in Fig. 10 along with the gold filter with the highest transmittance. The shape of the spectrum is predicted within approximately 5% of the center frequency. The predicted filter spectra from the FDTD model without conductor losses from [7] , along with predictions for thick gold and lead filters using the FDTD model with conductor losses, are shown in Fig. 11 . These results illustrate that the measured losses of the filters are consistently higher than the simulated data. The listed discrepancies will be discussed in Section V.
It is also possible to model these filters as equivalent lumped resonant circuits. Although the equivalent circuit is not derived from the filter geometry, but merely fitted to the measured data, it may account for the variations in insertion loss and -factor by making the equivalent-circuit resistance a function of the surface resistance of the filter. The equivalent circuit is shown in Fig. 12 along with lumped-element values obtained by curve fitting the spectra of the gold and lead filters (from Fig. 7) to [16] . The plots show strong current peaks around the slot edges at resonance.
in Fig. 12 . This reinforces the conclusion that the curve only extrapolates to approximately 85% transmittance for the calculated of the filters from [5] .
V. DISCUSSION AND CONCLUSIONS
In this paper, substrate-supported bandpass grid filters with adequate behavior at terahertz frequencies are demonstrated. The main advantage of the filters is ease of fabrication. The shift in resonant frequency caused by various substrate thicknesses can be accurately predicted by a FDTD technique, which also predicts some of the conductor loss. At oblique incidence, the filter performance shows some degradation, but is still acceptable for focused beams with large numbers.
The insertion loss in the passband is found to scale with the product of metal conductivity and film thickness, i.e. with the dc surface conductance. The scaling was identical for lead and gold films for all thicknesses, including several classical skin depths. The observed variation in insertion loss with temperature indicates that geometrical effects, such as variations between the filters due to fabrication, are not a cause of the loss. The stopband attenuation increases with the metal film thickness until the classical skin depth is exceeded, and then, as expected, remains constant for thicker films. Therefore, the measured insertion loss and -factor dependence on the surface resistance shows that the effect of finite metal conductivity impacts the resonant and nonresonant properties in different ways. A possible explanation is that the evaporated metal films exhibit microstructural defects and grain boundaries [15] due to the low substrate temperature during deposition or due to flexing of the soft polyester substrate after deposition. Annealing the films to remove microstructural defects is not possible since the polyester substrates do not tolerate high temperatures.
The variation of insertion loss and -factor with the thickness of the metal film even when may arise from the resonant nature of the filters. The currents surrounding the slots have been simulated using a full-wave method-of-moments technique applied to a unit cell in an infinite grid [16] , and are shown in Fig. 13 . These currents peak at the ends of the slots at resonance, and this is likely to make the grid performance at resonance more sensitive to microstructural defects than in the stopband. This is even more pronounced at the slot edges, where additional effects, such as tearing of the film during liftoff or shadowing by the photoresist during deposition, may occur.
When extrapolating these results to films as thick as those of the electroplated freestanding filters in [5] , a low loss, as demonstrated in [5] , is not obtained, which indicates that evaporated metal grids may have limited transmittance as compared to the freestanding filters in [4] and [5] , in which the metal has bulk properties. However, the fabrication process described here requires only a few hours and standard lithographic equipment, which is much easier and less costly than the fabrication of freestanding electroplated filters.
